A mesoscale objective analysis of the wind and moisture field around the thunderstorms which developed over the NSSL observation network on May 28, 1967 is made. The scheme of the objective analysis includes the " time to space conversion " of the observation relative to the mesosystems .
The weighting function for the interpolation depends on both the distance between grid point and observation and the time difference between observation and analysis time. The distributions of wind and moisture obtained by the present analysis coincide fairly well with that obtained by subjective analysis.
The morphological description of the change in the environmental situation of the thunderstorms is also attempted on the basis of the obtained wind and moisture field. The convergence line, which is formed along the northern boundary of the predominant low-level southerly winds, is simultaneously intensified with the thunderstorms' development. While the middle tropospheric wind field is not modified by the thunderstorms' development, a remarkable change of winds is found at 250 mb level, where the upper outflow from the storms modifies the flow into a strong diffiuence flow pattern.
The analysis of the moisture field indicates that the storms' development is associated with the increase of moisture convergence in the lower layer.
Introduction
Since the classical interpolation scheme of the correction method was proposed by CRESSMAN (1959) , many improvements have been introduced into the method of largescale objective analysis.
The development of the technique of mesoscale objective analysis is also recently required for both research and operational purposes concerning the severe weather watch.
The problems invloved in the mesoscale analysis are, however, different from those in the large-scale analsis.
Firstly, the observation is (1) a where c and s are the propagation speed of the system and the distance along the direction of the movement, respectively. Eq.
(1) indicates the possibility of the " time to space conversion " of the data relative to the moving system. FUJITA (1955) introduced this technique very successfully in his subjective mesoscale analysis on a squall line. Since then, this technique has been adopted in many mesoscale analyses.
It is therefore naturally expected to introduce this technique in the mesoscale objective analysis.
SASAKI (1971) adopted the relation given in eq.
(1) as a kinematic constraint in his variational analysis on the mesoscale wind field of thunderstorms. Recently BARNES (1972) made an objective analysis of the thunderstorms which includes the " time to space conversion " of the observation.
NINOMIYA (1974) also reported an example of mesoscale objective analysis of the wind field around the tunderstorms which developed over NSSL network on May 28, 1967. His analysis scheme also included the " time to space conversion " of data and time-dependent weighting function for the interpolation.
The present article will give more detailed explanations on the calculation scheme. The analysis will be also extended to the moisture field around the storms.
The morphological description of the change of wind and moisture field associated with the development of the thunderstorms will also be made by using the field obtained.
2. Observation data and the " time to space conversion " of the data
The nature of the observation data used in the present study will be described at first. The geographical location of the NSSL (National Severs Storms Laboratory, NOAA) mesoscale aerological network of 1967 is presented in Fig. 1 . The mean altitude of this experimental area is about 370 m above sea level and the mean surface pressure on the day analysed is about 970 mb. The experimental area slopes very gently to the southeast.
The release of the rawinsonde was done five times with a time interval of about 1.5 hours, i.e, at 11.0, 12.5, 14.0, 15.5 and 17.0 CST from the stations except OKC, where only one release took place, at 17.2 CST.
The position of the observation at a certain pressure surface is, of course, different from the observation station (i.e, the released point) due to the drift of the 84K.
NinomiyaVol. XXV No. 2 balloon connected with the sonde. As an example of the drift, the successive positions of the sonde along the flight path which was released from CHK at 13.85* CST are presented in Fig. 2 . The numerals indicate the pressure level and the arrival time of the sonde at that pressure.
It is evident from Fig. 2 that we should specify the observation data of the sonde, not by the station and release time, but by the actual observation point (xo, Yo) and the observation time (to).
No let us apply the " time to space conversion " of the data relative to the moving systems.
The position of the data relative to the moving system (ra, ya) at a certian analysis time (ta) is given by xa=x0H-cx•zit (2) .Y.-=Yo+cy•Lit (3) where cx and cy are respectively the x and y components of moving velocity of the mesosystems..
In the present case, the PPI radar observation reveals that each thunderstorm's movement was quasi-steady and c, and cy were about 24 km/hour and 16 km/ hour, respectively.
The position of the data (x0, Yo) is thus converted to (xa, ya) for the sake of analysis at ta. As an example of the conversion, the distribution of the data on the 250-mb surface for analysis at 14.00 CST** is shown in Fig. 3 , where the * In the present paper , the unit of time for the fraction of an hour in one-hundredth of an hour not one minute. ** Sonde data of the second and third releases are used, for example, in the analysis at 14.00
CST.
grid system is also presented. The grid interval (d) is 20 km.
3. Objective analysis of a scalar value at a standard pressure level
The scheme of the interpolation of the corrected method used in the present analysis is quite simular to that proposed by CRESSMAN (1959) . The nature of the data (see the " time to space conversion " in section 2), however, requires that the time difference between observation and analysis time be included in the weighting function.
The initial field of a at each grid point is given by the average of all the values of ao observed during the period between ta-Ti and ta+Ti.
(see Table 1 )
The value of the analysed field at the position of data (xa, ya) is interpolated from the values at four grid points surrounding the data point as follows ;
where (x"" y",) indicate the position of the nearest grid point to the southwest of (x0,. ya). The correction at each scan at the data point is therefore given by
The correction at the grid point (x, y) is decided as
The weighting function B is a function both of the distance between grid point and (xa, ya) and of time difference 4t---1,-to. Here we used the weighting function 86K.
NinomiyaVol.
XXV No. 2
The two calculations, i.e, #1 and #2, are done in order to see the effect of the constants R and T. The values of Ti, T and R at each scan using these calculations are presented in Table 1 .
The four-grid smoothing by 1 "
•+a• (7) 8 " is applied after the second, fourth, fifth and the last scan.
Analysis of wind field
The analysis of wind field is made at ten levels, i.e, surface, 950, 850 ... 250 and 150 mb at the six analysis times between 12.00 and 17.00 CST at one-hour intervals.
The value of the correction made at the last scan would be considered to be very small since the variance of the correction of u or v in the calculations #1 and #2 at 250 mb is about 0.01 (m/sec)2.
As far as we inspect the analysed wind field, we do not find any significant difference between the results obtained by calculations #1 and #2. In order to indicate the difference between them quantitatively, we show the variance of the difference between the wind speeds at 250 mb obtained from the two calculations in Table 2 . The variances of r• V and (vorticity) at 250 mb* within the domain of (200 km)2 are also presented in Table 3 . It would be possible to say, from Tables 2 and 3 , that the difference between the results of calculations 1 and #2 is not significant.
Since a detailed subjective analysis of the thunderstorms in the present case was made by FANKHAUSER (1969), we can compare the results of subjective and objective analysis.
The maps of streamlines and isotachs of both analyses coincide fairly well with each other at least from a morphological viewpoint.
* As described in a later section , the most rapid change in wind field is observed at 250 mb level.
1974Mesoscale Objective Analysis87
Modification of vertical velocity and wind field
The morophological coincidence of the wind field obtained by objective analysis with that by subjective one, however, does not assure the validity of the results at all. One of the quick checks of the validity of the wind field would be the inspection of the vertical velocity (1) at the top of the troposphere, which is obtained by the vertical integration of horizontal divergence from the surface to the top of the analysed. layer.
The standard deviation ofCOat 100 mb at the six analysis times is, unfortunately, as large as about 30 mb hour-1. This means that the analysed wind field is not satisfactory in a quantitative sense.
This kind of unfavorable situation of (0 is usually found in the kinematical evaluation of w from the horizontal wind distribution. O'BRIEN (1970) suggested the necessity of the modification of the divergence field to make (1) vanish at the top of the troposphere. The value of the correction of devergence (F. V), at each grid point for the layer between 900 mb and 100 mb is given by where (0 (100 mb) is the value of the unmodified vertical velocity at 100 mb.
The corrections of the horizontal velocity components u, and v, corresponding to the correction of divergence (v. V), are given by tt, = -aZciax (9) v, = -axciay respectively.
The velocity potential for corrected wind z, is decided by F2x,+ (v. nc _0(10) In order to solve x, by means of relaxation, we used a boundary condition as shown in Fig. 4 (MIYAKODA 1960) . The value of VNR, the normal component of corrected wind along the boundary, is of course given by where (v• S and L are the areal mean value of (p'. V.,), areal dimensions and the length of the side of the area under consideration respectively.
The value of the variance of the corrected wind velocity (u,2-1-v,2)1/2 is about 0.20 (m sec-1)2.
The analysed wind velocity components are therefore given by u=ua+u, and v=vad-v, (12) where ua and va are the wind velocity obtained in section 4.
Reserving a detailed description of the wind field around the thunderstorms for a later section, we will make here a remark on the resolution of the analysis.
It is a well known fact (e.g. NEWTON 1967) that the wind velocity inside a storm remarkably deviates from that around the storm.
If the wind observation is made inside the storm, the value of observed wind velocity at this particular point would spread around the storm, by the nature of the analysis scheme.
If the wind measurment was made only outside the storm, the wind inside the storm would be evaluated merely by the interpolation from the observation outside the storm.
Since the observations in the present case seem to have been made outside the storms, the analysed wind field should be considered to represent the environmental situation of the storms.
Analysis of humidity and temperature
The analysis of humidity and temperature at each standard pressure level is made by the method described in section 3. The values of the mixing ratios at grid points are obtained from the analyzed values of humidity and temperature.
We do not find any remarkable changes in the moisture or temperature field, while there are some remarkable changes in the velocity field as described in sections 9 and 10.
We should again make note of the nature of the observations. It is a well known fact that both the temperature and moisture within the core of a cumulus updraft or storm downdraft are remarkably different from those outside them (FunTA (1963) , NEWTON (1967) ).
Since the cross section of the up-or downdraft is very small, the probability of Shown in Fig. 6 are the duplications of the surface weather map and radar summary report at 15 CST, May 28. It is evidently seen in the figure that the echo zone spreads along the surface frontal zone. There are remarkably developed aligned echo systems over Oklahoma State and the southwest of Illinois. The southeastern part of the former echo system passed over the NSSL network (see Fig. 1 ) on the afternoon of May 28.
Variation in the low-level wind field associated with the development of thunderstorms
In the present section, we will describe the variation in the low-level wind field associated with the development of thunderstorms by using the maps obtained by objective analysis.
As examples of the distribution of the v-component of 950 mb wind, the maps at 13 and 14 CST are presented in Fig. 7 . As seen from the echo distribution, the thunderstorms developed very rapidly during one hour between 13 and 14 CST. It is a noteworthy fact that the horizontal gradient of v also increased very rapidly during the same period, since both the southerly wind over the southeastern part of the experimental area and the northerly wind over the northwestern part were intensified. Fig. 8 shows that the convergence at the lower layer is also remarkably intensified in the vicinity of the developing thunderstorms.
We should not, however, In order to demonstrate the variation of the 950-mb wind through the period investigated, the 950-mb wind maps at 13, 14, 15 and 16 CST are also presented in Fig.   9 . As seen in these figures, a low-level flow with a cyclonic curvature is found at 13 CST prior to the development of thunderstorms. The wind field changes remarkably during one hour between 13 and 14 CST. The development of thunderstorms is found along the convergence line formed between the southerly and the northerly wind.
After the developing and mature stages of storms, the low-level flow again presents a cyclonic curvature with a fairly strong convergence zone as seen in the maps at 15 and 16 CST.
It will be concluded from the results of the analysis that the low-level wind field remarkably changed during the one hour period in which the thunderstorms developed.
The formation of a convergence zone and the storms' development seem to be simultaneous phenomena so far as we can know from the analysed maps. One may have the impression, therefore, that the middle and upper tropospheric wind fields are not modified by the development of the thunderstorms. We should recall, however, the reports on the upper outflow from thunderstorms.
By using ATS-III cloud pictures FUJITA and BRADBURY (1969) showed the upper outflow from the movement of high clouds. NINOMIYA (1971) also demonstrated that a strong diffluence and divergence are formed in the thin layer between 300 and 200 mb over a cluster of thunderstorms.
Let us, therefore, inspect the wind field at 250 mb presented in Fig.  11 . A weak anticyclonic flow pattern found prior to the development of thunderstorms tends toward a flow pattern of strong diffluence and divergence as the storms develop. The most remarkable diffluence and divergence are observed at 1500 CST, i.e., shortly after the maximum development of the storms.
Diffluence is still observed over the decaying storms at 1600 CST.
From the materials shown in this section, we conclude that the wind field in the upper tropospheric layer below the tropopause is remarkably modified by the development of convective storms.
The fact that the modification of the upper wind field seems to follow the storms' development suggests that the upper outflow from the top of the storms may be the cause of the changes in the upper tropospheric wind field.
10. Convergence of water-vapor flux in the vicinity of the thunderstorms As is usually pointed out for the large-scale situation prior to the thunderstorms' development (FAwBusH 1951) , the middle tropospheric layers are rather dry at 1300 CST, while a large amount of water vapor is stored in the lowermost layer.
Since the sonde observations in the present study were made outside the storms, we can not find any area of deep moist layer even in the developing and mature stages of the storms. In addition, the thickness of the layer of moisture convergence increases at 1400 CST, when the storms developed most rapidly.
The vertical distribution of moisture divergence over the southeastern sector of the analysed area where no storm development is observed, on the contrary, is characterized by the positive values (i.e., moisture divergence) in the lower layers throughout the analysed period (the figure for which is not presented).
The facts mentioned above suggest an intimate relation between the moisture convergence and the development of convective storms (c.f. MATSUMOTO, NINOMIYA and AKIYAMA, 1967).
Concluding remarks
In regard to the development of thunderstorms occurring over the NSSL observation network on May 28, 1967, a mesoscale objective analysis was made of the wind and moisture field around the thunderstorms.
The scheme of this objective analysis includes the " time to space conversion " of the observation relative to the mesosystems with a quasi-steady movement.
The weighting function used for the interpolation includes the influence of the time difference between observation and analysis. The distributions of wind and moisture obtained by the present analysis seem to coincide fairly well with those obtained by the conventional subjective analysis as far as their morphological features are concerned.
The physical meaning, however, of some parts of the scheme, for example, the phase velocity of the system used for the time to space conversion, the weighting function, or smoothing, is rather obscure.
For the purpose of the quantitative understanding of the mesoscale phenomena, a more refined scheme of objective analysis is required.
96K.
We also morphologically described the change in the environmental situations around the thunderstorms by using the wind and moisture field obtained by objective analysis.
The convergence line, which is formed along the northern boundary of the predominant low-level southerly winds, is intensified simultaneously with the thunderstorms' development.
It is also seen that the amount of the moisture convergence in the lower layer increases remarkably when the thunderstorms develops.
While the middle tropospheric wind field is not modified by the thunderstorm development, remarkable changes of winds are found in the thin upper tropospheric layer below the tropopause.
It is inferred that the upper outflow from the top of the thunderstorms modifies the upper tropospheric flow into a diffluence and devergence flow pattern.
